This paper presents the experimental and numerical study on MEXICO wind turbine blades. Previous work by other researchers shows that large deviations exist in the loads comparison between numerical predictions and experimental data for the rotating MEXICO wind turbine. To reduce complexities and uncertainties, a non-rotating experimental campaign has been carried out on MEXICO blades Delft University of Technology. In this new measurement, quasi-2D aerodynamic characteristics of MEXICO blades on three spanwise sections are measured at different inflow velocities and angles of attack. Additionally, RANS simulations are performed with OpenFOAM-2.1.1 to compare numerical results against measured data. The comparison and analysis of aerodynamic loads on the blade, where three different airfoil families and geometrical transition regions are used, show that for attached flow condition, RANS computation predicts excellent pressure distribution on the NACA airfoil section (r=R D 0.92) and good agreement is observed on the DU (r=R D 0.35) and RISØ (r=R D 0.60) airfoil sections. Unexpected aerodynamic characteristics are observed at the intermediate transition regions connecting the RISØ and DU airfoils, where sudden lift force drop is found at the radial position r=R D 0.55. Through numerical flow visualization, large-scale vortical structures are observed on the suction side of the blade near the mid-span. Moreover, counter-rotating vortices are generated behind the blade at locations where unexpected loads occurs. Consequently, the RISØ airfoil could not give expected 2D aerodynamic characteristics because of upwash/downwash effects induced by these counter-rotating vortices, which make 3D effects play an important role in numerical modeling when calculating the aerodynamic loads for MEXICO rotor.
INTRODUCTION
In recent years, with increased use of wind energy, the size and complexity of modern commercial horizontal axis wind turbines are increasing rapidly. In order to avoid turbine failure and decrease the manufacturing cost for large wind turbines, reliable and accurate aerodynamic models are crucial and required at the design process. To validate and improve these aerodynamic models, several high-quality experiments have been conducted over the past decade to provide a reliable experimental database. A classical experiment is full-scale test of the National Renewable Energy Laboratory (NREL) unsteady aerodynamics experiment phase VI, which measured a 10 m diameter, stall-regulated horizontal axis wind turbines in the NASA Ames wind tunnel (24.4 m 36.6 m) in 2000. A two-bladed turbine with twisted and tapered blades was tested in both upwind and downwind rotor configurations. The rotating blade pressure distribution at five blade spanwise sections, angle of attack and inflow dynamic pressure were measured during the experiment. 1 Another experiment is Model EXperiment In Controlled cOndition (MEXICO ), conducted in 2006 in the large-scale low-speed facility of the
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German Dutch Wind tunnel Organization. 2 In this experiment, a 4.5 m diameter, three-bladed, pitch controlled wind turbine rotor model was used, and loads on the rotating blades were measured by Kulite pressure transducers. Additionally, in the MEXICO experiment, the wind turbine wake was measured in detail using particle image velocimetry technology. The combination of measured blade loads and wake flow field resulted in a comprehensive database for validation of aerodynamic models. Because of the complex physics of wind turbine aerodynamics, in some cases, the aerodynamic models have difficulty in calculating the turbine performance and loads accurately. The blind comparisons between experiment and aerodynamic models show large discrepancy when these models are not tuned to the experiment. In the NREL experiment, the comparison indicates that even at easy-to-predict wind turbine operation conditions, which are no-yaw, steady-state flow, the derivation ranges from 25% to 175% for turbine power prediction. Blade bending force prediction ranges from 85% to 150% compared with the measurement. 3 The comparison becomes even worse at higher wind speed. In the MEXICO experiment, the final conclusion states that all loads along the blade are consistently over predicted by most of aerodynamic models with the same level of magnitude as in the NREL experiment. At the stall condition, although the computational fluid dynamic (CFD) models give better prediction compared with other engineering models (BEM, lifting line), still considerable deviations can be found in the comparison. These differences still cannot be fully explained. [4] [5] [6] Therefore, in order to better understand the reason of this discrepancy in the comparison between measurements and numerical results for the MEXICO experiment, this study makes an in-depth experimental and numerical comparison of the MEXICO blades. To reduce the complexity of the flow and uncertainties in the experiment, every MEXICO blade is measured separately under parked (non-rotating) conditions.
Many CFD studies have focused on simulating the flow over standstill wind turbine. Sørensen et al. 7 compared measured and computed pressure distribution and integrated forces for two rotors' blades. The comparisons showed a better loads prediction capability of Menter's k ! SST turbulence model compared with the original Wilcox's k ! turbulence model. Furthermore, it was concluded that the tangential forces in the attached flow conditions are difficult to predict correctly when fully turbulent flow is assumed. In a numerical study of the MEXICO rotor by CENER * , it was concluded that parked cases are harder to predict than expected: both because of the large twist of the blades and because of the uncertainties in standstill measurement data, such as erroneous pressure transducer measurements on the inboard part (25%R and 35%R) of the blades. 4 The author recommended more CFD simulations to be performed and other turbulence models to be considered for better predicting the aerodynamic loads at standstill conditions. However, in our non-rotating experiment, each blade of the MEXICO rotor can be measured on three radial sections in the well-controlled flow condition. CFD simulations are expected to cope with the quasi-2D aerodynamics without too much effort in comparisons with the experimental measurements. Indeed, previous simulations 8 on the non-rotating MEXICO blade, at fully attached, massively separated and stall conditions, demonstrate that Reynolds-averaged Navier-Stokes simulations with Menter's k ! SST turbulence model shows good agreement with the experiment for fully attached flow at low angles of attack.
Different from previous work, 8 the current paper focuses on detailed investigation of the MEXICO blade sectional loading and 3D effects. This paper is organized as follows: first, the setup of non-rotating MEXICO blades experiment, performed in the low-speed low-turbulence (LTT) wind tunnel at Delft University of Technology, is briefly described. Second, CFD simulations are carried out to understand further about aerodynamic loads and flow behavior on the non-rotating MEXICO blades. The numerical results concentrate on the comparisons of the pressure distribution at three radial sections with the experimental measurements. In addition, the flow topology predicted by CFD simulation is also compared with oil flow visualization in the experiment. Afterwards, the numerical investigations of the aerodynamic loads and 3D flow around the non-rotating blades give more insight into the MEXICO blades. adjacent airfoil profiles and lofted with tengency. Figure 1 shows the airfoil distributions over the blade span. The chord and twist distribution of the MEXICO blade is also illustrated in Figure 2 . The apparatus used in the experiment are Kulite pressure transducers, wake rake and oil. The usage of the technical equipments are itemized as follows:
There are 148 Kulite pressure transducers in total on the three blades, distributed over five different instrumented sections. These transducers measure the pressure distribution over all tested airfoil sections, which are 25%R and 35%R spanwise locations of blade 1, 60%R spanwise location of blade 2, and 82%R and 92%R spanwise locations of blade 3. Before the measurement, a static calibration of Kulite pressure transducers is performed, covering the pressure range observed throughout the measurement campaign. The wake rake is used to measure the velocity deficit behind the blades with 16 static and 67 total pressure tubes mounted on a spar. After that, the sectional total drag can be determined. The flow topology over the blade surface such as laminar/turbulence transition, flow separation, and 3D effects can be clearly seen with oil flow techniques.
Experimental setup and procedure.
Each blade is mounted vertically in the test section and because the blades' span is longer than the test section height, two experimental setups are used. As shown in Figure 3 , the pressure at 35% span location is measured on blade 1 with the outboard part of the blade outside of the test section. The pressure at 60% and 92% span is measured on blade 2 and blade 3, respectively, which are mounted with a free blade tip, see Figure 4 . Zigzag tape is applied on both pressure and suction sides at 10% chord to promote transition and avoid free laminar to turbulent transition.
In order to keep the chord-based Reynolds number Re c identical as the previous rotating experiment, the inflow velocities are chosen as 35 and 60 m s 1 to match Re c . The quasi-2D aerodynamic characteristics on these three test sections are obtained at a range of angles of attack, from 20 ı to 20 ı . The rotating table at the top of the test section can adjust the tip pitch angle of the blades, in such a way that the desired geometric angle of attack˛(defined as the angle between inflow direction and chord line) is obtained. Calibrated Kulite pressure transducers are used to measure the sectional pressure distribution. By integrating the pressure, the lift force and the pressure drag can be calculated afterwards. Wake rake measurements are used to determine the sectional total drag to estimate viscous drag. After the pressure measurements, an oil flow measurement is carried out to visualize the flow phenomena over blade 3 surface. 
Numerical approach

Geometry modeling and grid generation.
The CFD simulations are performed on a computational domain that is identical to the experimental setup. The whole wind tunnel test section including wind tunnel walls are modeled, not only the blades. Therefore, the blockage effects present are also considered by CFD. Similar to the experimental setups, there are two different computational domains, one with the blade extending from top to bottom of the test section ( Figure 5 ) and one with a free blade tip ( Figure 6 ). A cylindrical domain which includes the blade is created, and it can be rotated to the desired pitch angle to match the geometric angle of attack˛corresponding to the measurement. The measured sections are located at a distance from the bottom of the test section wall: 0.7625, 1.1 and 0.2 m, respectively. A hybrid mesh strategy is used for generating the CFD mesh. Structured hexahedral grid is applied near the blade where the viscous flow in the boundary layer is solved with high-grid resolution. The outer region is filled with a coarse, unstructured mesh. The non-dimensional value y C is below 2, and approximately, 20 cell layers are used in the viscous region. An illustration of the mesh and blade surface mesh is given in Figure 7 . Three different grid levels are generated for examining the spatial convergence in total (see Table II for details). 
Assumptions, boundary conditions and numerical schemes.
To model and investigate the flow physics over the blades, we propose some assumptions to simplify the numerical modeling.
To save the computational time, steady-state Navier-Stokes solver with Reynolds-averaged Navier-Stokes turbulence modeling approach is chosen for predicting the cases where the flow is attached in the experiment. Considering simplification of flow physics, fully turbulent flow over the blades is assumed. Hence, laminar-to-turbulent transition is not considered in the simulation. Zigzag stripe has little influence on the integrated pressure when the flow is still attached. Therefore, the geometry of zigzag is not modeled for the CFD model. A rectangular wind tunnel wall is employed in the CFD geometry, since the side walls of the tunnel in the experiment are designed with slightly diverging shape to compensate for the displacement effect of the tunnel wall boundary layers. In addition, with the assumption that viscous effects on the wall are not expected to have a major influence on the pressure distribution, especially for the sections (35%R and 92%R) far from the wall, the boundary layer developed at the wind tunnel wall is not resolved in CFD in order to decrease the grid size.
Assuming viscous effect from the wind tunnel wall is neglected, the slip boundary condition is chosen at the wind tunnel wall. The boundary condition for the velocity field is applied as Dirichlet boundary condition with a constant inflow velocity at the inlet boundary and Neumann boundary condition at the outlet. The pressure is set as a Neumann boundary condition at all boundaries. The solid blade surface is enforced as no-slip boundary condition. An arbitrary mesh interface 9 boundary condition is used between the two adjacent mesh domains. The free-stream turbulence intensity I is estimated as 0.06% inflow velocity V 1 :
where
k is the root-mean-square of the turbulent velocity fluctuations. Based on the turbulence intensity, the turbulent variables k and ! can be calculated as the reference, 10 and the boundary conditions are specified in the simulation. The order of accuracy of selected numerical schemes for N-S equations discretization is second-order upwind. SIMPLE algorithm 11 is used to correct the pressure in the iterations. Figures 8 and 9 show the results of grid refinement study based on three different grid levels. In the figures, the pressure and skin friction coefficient distribution on the DU airfoil section at 35% span are plotted with a geometric angle of attack D 8 ı , which is symbolized by˛0 .35 D 8 ı . These two variables are defined as
RESULTS AND DISCUSSION
Grid refinement study
and
where p is the static pressure, p 0 is the reference pressure, V 1 is the inflow velocity, is the fluid density, and is the wall shear stress. As the grid density increases, the pressure tends to a converged solution, and only small differences can be seen close to the suction peak and trailing edge between the coarse and fine mesh solution, with a difference 6.7% integral lift force. The skin friction coefficient is, however, more sensitive to the mesh resolution and does not seem to present a monotonic behavior. C f on the medium mesh is underestimated between x=c D 0.0 and x=c D 0.30 compared with C f on the coarse and fine mesh, but the difference between the medium mesh and fine mesh is about 6% integral drag force, which is acceptable in our simulation. Therefore, the solutions on the fine mesh are considered to achieve spatial convergence, and the numerical results presented subsequently are based on the fine mesh. Regarding the pressure comparison on the pressure side, CFD results show correct pressure distribution trend as the experimental measurement. However, consistent pressure overprediction is found over the pressure side between x=c D 0.3 and x=c D 0.5 for all cases. Considering the pressure in the region before x=c D 0.3 and after x=c D 0.5 is predicted correctly, and the possible reason for the overprediction would be slight geometry deviation between the experimental model and modeled CFD geometry.
RISØ section at 35 m s 1 , 60% span At 60% spanwise section of blade 2 with RISØ airfoil, the CFD results and experimental measurements of pressure distribution are compared in Figure 11 . The maximum difference between CFD and experiment is less than 10%4C p for all the measured points. On the pressure side, good agreement is obtained for all pressure sensors except for the ones between x=c D 0.146 and x=c D 0.344. Similar behavior that over predicts the pressure is observed as the case for the DU airfoil section. For all the cases˛0 .60 D 0 ı , 5 ı , and 8 ı , on the suction side, the numerical results always underpredict the pressure compared with the measurement. Therefore, the integrated sectional lift force is expected to be over predicted for the RISØ airfoil section. Because the section considered here is relative close to the tunnel wall, there will be secondary vorticity shedding at the wall corner, which could explain the measured lift that is smaller than the CFD results.
NACA section at 60 m s 1 , 92% span Figure 12 shows the pressure comparison at 92% spanwise section of blade 3. The NACA 64-418 airfoil profile is applied at this location, which is close to the tip of the blade. Even though the flow is complex and challenges CFD simulations due to the existence of the tip vortex effects, but as seen in the figure, the computations give excellent agreement with experimental data. For each case, the pressure distribution over the NACA airfoil is well captured by the simulation.
Oil flow comparison
In the experiment, the flow over the blade was visualized by the oil flow technique for blade 3 at the inflow velocity V 1 D60 m s 1 . In Figure 13 , the right image shows the oil flow visualization over the blade surface for the geometric angle of attack˛0 .82 D 8 ı at 82% spanwise section. The flow comes from right to left. The zigzag stripe is used to trigger the flow turbulent at 10% chord and can be clearly seen in the oil flow image, except for the blade tip, where no stripe was applied. The horizontally pasted tape was placed on the pressure sensors at the sections 60%, 82%, and 92% of the blade to prevent the pressure sensors from being damaged by the oil. The bright line indicates the location where the flow starts to separate. It can be seen that the flow remains fully attached at the root of the measured model. With the increased angle of attack towards to the tip, the flow starts to separate near the trailing edge from r=R 0.70 to the tip. Compared with the simulated limiting streamline visualization in the left image, good flow topology agreement with respect to flow separation can be obtained between CFD and experimental oil flow measurement. 
Aerodynamic loads calculation
Flow field analysis
To better understand how this non-smooth transition mentioned in the previous section influences the flow in the particular region near r=R D 0.55, the Q criterion 12 is chosen to identify the vortical structures in the flow field. Q is the second invariant of the velocity gradient tensor Ou, which can be written as follows:
where S and are the symmetric and antisymmetric parts of the tensor Ou, and jjSjj D tr.
2 . Three-dimensional large-scale vortical structures over blade 1 can be seen in Figures 16 and 17 , colored by the vorticity magnitude. In Figure 16 , large-scale vortical structures mainly appear at three locations, which are the two extremities close to the tunnel wall and the location r=R D 0.55. Clear large-scale vortex is seen at the root region of the blade, which can be attributed to the transition from the DU airfoil family to the cylinder. The other extremity with large-scale vortical structure caused by separated flow can be clearly seen at RISØ section. This section encounters high angle of attack because of blade twist. Apart from that, the influence of tunnel wall on the two regions could be considered as one additional reason for these large-scale vortical structures. The last position r=R D 0.55, as a consequence of non-smooth transition region where large-scale vortex emerges, is the transition region starting from the RISØ airfoil family to the DU airfoil family. When the angle of attack increases to˛0 .35 D 8 ı , more vortical structures can be found towards to the root direction, which is close to the transition part as well. This region can be estimated from the loads calculation in Figure 14 from r=R D 0.40 to r=R D 0.60.
Based on the Prandtl lifting line theory, 13 the lift force over an airfoil can be calculated from where is the circulation over the airfoil section, representing the bound vortex strength. As a result of the sudden lift drop at r=R D 0.55, (see Figure 14) , the rapid change in the circulation leads to the strength of the vortex at r=R D 0.55 to be smaller than other adjacent sections. Consequently, a pair of counter-rotating vortices are expected to be generated behind this position, which be discussed in detail in the following Section 3.6.
3D effects
In order to quantify the influence of 3D flow on the airfoil aerodynamic characteristics, the lift curve derived from 3D CFD calculations and 2D experimental measurements are plotted together versus the geometric angles of attack in Figure 18 . Figure 20 . However, the increased local angle of attack caused by this upwash effects decreases the lift at r=R D 0.55, as seen from the results in Figure 18 . The reason of this consequence can be interpreted as the critical stall angle is about 10 ı for the RISØ airfoil, which can be determined in 2D experimental airfoil characteristics, see the red point in Figure 19 . Meanwhile, the current geometric angle of attack for the RISØ airfoil at r=R D 0.55 location is about 10 ı , as shown in Figure 14 . The upwash effects induced by the counter-rotating vortices at r=R D 0.55 increase the geometric angle of attack (close to the critical angle of attack 10 ı ), and the airfoil enters the stall regime. Because of the property of sharp aerodynamic characteristics of the RISØ airfoil, see the blue lift curve in Figure 19 , lift decreases sharply in the stall regime. Therefore, the r=R D 0.55 section produces much smaller lift even with higher local angle of attack than 2D case. On the contrary, the RISØ airfoil section between r=R D 0.60 and r=R D 0.65 is, because of the downwash effects, at a reduced local angle of attack, which is within linear regime. Thus, the lift from 3D CFD at sections r=R D 0.60 0.65 is much lower than 2D.
When the geometric angle of attack increases to 8 ı at the 35%R section, the comparison shows the maximum difference between 3D and 2D results has reduced to 27.3%, appearing at r=R D 0.55 on the RISØ airfoil section. In addition, 3D effects show little influence on the DU airfoil aerodynamic characteristics. From For blade 2, the vertical and spanwise velocity field at the plane z D 0.20 m is shown in Figure 22 . The strong tip vortex is clearly seen, and these tip effects are dominating the flow. A well-known effect of a tip vortex is the decrease of lift, which is in accordance with the results presented in Figure 15 . No particularly unexpected loads distribution and velocity field are observed, and therefore, the influence of 3D effects on the airfoil characteristics of the blade 2 will not be discussed in this paper for the conciseness.
CONCLUSIONS
This paper presents the experimental and numerical investigations of MEXICO wind turbine blades. The quasi-2D aerodynamics characteristic of the non-rotating MEXICO blades are measured in the experiment, and the CFD simulations are carried out in order to better understand 3D flow around the blades. Eventually, more insight into MEXICO blades is given.
For attached flow condition, the pressure distributions from the CFD calculations at three different sections compare well with the experimental measurements. Excellent match is observed at 92% spanwise section with the NACA airfoil profile. For the DU and RISØ airfoil sections, located at 35% and 60% span, respectively, a reasonable good agreement is found. Considerable difference is found on the suction side at the locations between x=c D 0.15 and x=c D 0.34 on the RISØ airfoil section. Besides, at˛0 .35 D 8 ı , the current computation does not capture the flow separation at the trailing edge. Experimental oil flow visualization has been compared with CFD limiting streamlines to investigate the flow topology for blade 3. Overall speaking, the separation line is well predicted by CFD, and hence, it indicates that the drag force along the blade is calculated reasonably in the condition˛0 . 
